Esophageal cancer is currently one of the most fatal cancers. However, there is no effective treatment. Increasing evidence suggests that interleukin (IL)-33 has a significant role in tumor progression and metastasis. Currently, the underlying cellular and molecular mechanism of IL-33 in promoting esophageal squamous cell carcinoma (ESCC) remains unclear. In this study, we investigated whether IL-33 could induce the epithelial-mesenchymal transition (EMT) in ESCC. Interleukin-33 expression was examined in ESCC and corresponding adjacent normal tissues by immunohistochemistry and quantitative real-time PCR experiments. Elevated IL-33 levels were observed in ESCC tissues. Further in vitro experiments were undertaken to elucidate the effect of IL-33 on migration and invasion in KYSE-450 and Eca-109 esophageal cancer cells. Knockdown of IL-33 decreased the metastasis and invasion capacity in esophageal cancer cells,
| BACKG ROU N D
Esophageal cancer is one of the most severe diseases that can influence human health both in developed and developing countries, 1 especially in China. It was reported that ESCC accounted for 90% of total incidence of Chinese esophageal cancer cases. 2 Due to the lack of early symptoms, many patients are diagnosed too late to be treated effectively. 3 Studies found that the survival rate of advanced stage ESCC patients was no more than 10%. 4, 5 Therefore, it is urgent to clarify the molecular pathogenesis of ESCC.
Interleukin-33, a nuclear cytokine abundantly expressed both in endothelial and epithelial cells, is known as a natural ligand for ST2L and can be antagonized by soluble ST2. [6] [7] [8] [9] Interleukin-33 can activate many immune cells, such as Th2 cells. 9 When there is cell injury or tissue damage, IL-33 can be released as an alarm signal. 10 It was reported that IL-33 has different functions including tumor promotion or suppression. In ovarian cancer, the upregulation of IL-33 dramatically promotes cancer cell proliferation, migration, and invasion. 11 Hollande et al 12 found that IL-33 was essential and active for eosinophil-mediated antitumor responses. Cui et al 13 observed that the IL-33/ST2 axis might be involved in the progression of human ESCC. However, the molecular mechanism of IL-33 in ESCC development remains unclear. Transforming growth factor-β is a well-known immunosuppressor and proangiogenic factor that can regulate tumor proliferation and stemness. 14 It exerts a dual function in tumorigenesis. 15 Transforming growth factor-β could inhibit tumorigenesis by regulating tumor growth and apoptosis and can also promote tumorigenesis by altering the tumor microenvironment to accelerate EMT. 16 It was hypothesized that IL-33 might induce EMT through the TGF-β pathway.
Previous studies indicated that the IL-33/ST2L axis could regulate inflammatory responses in many cancers, including ulcerative colitis, colitis-associated cancer, and gastric cancer. 17, 18 A previous study found that IL-33 is restrictively expressed in murine squamous cell carcinoma cells, and it could activate FAK downstream to regulate CCL5 expression and tumor growth. 19 In this study, we aimed to examine the expression and function of IL-33 in ESCC and the underlying mechanism both in vitro and in vivo. Furthermore, the corresponding effect of IL-33 in regulating cell proliferation, cell cycle, migration, invasion, and clonogenicity were also explored. Our results showed that TGF-β can upregulate IL-33 in ESCC, thus increasing the expression of CCL2 and inducing EMT through NF-κB signaling. In summary, our study suggests that IL-33 could be a potential therapeutic target for ESCC therapy. 
| MATERIAL S AND ME THODS

| Patients and tissues
| Cell lines
Human esophageal epithelial cell line HET-1A and ESCC cell lines Eca-109, KYSE-450, KYSE-70, EC9706, EC1, TE-1, and TE-7 were cultured in RPMI-1640 (HyClone) medium, supplied with 10% FBS (HyClone), 100 μg/mL streptomycin, and 100 units/mL penicillin according to the standard protocol. All the cell lines were incubated at standard culture conditions (5% CO 2 , 37°C) in a sterile environment and were tested for IL-33 expression.
| Plasmid construction and transfection
KYSE-450 was applied to stably overexpress IL-33 by using pBpLV-GFP + Puro vector plasmid (GenePharma). We qualified the level of IL-33 by RT-PCR and western blot analysis. Eca-109 was used to knock down IL-33. After transfection, cells were classified by a BD CantoII flow cytometer (Becton Dickinson). The successfully transfected cells were sorted by flow cytometry and were cultured.
| Real-time PCR
Total RNA were extracted by TRIzol reagent (Invitrogen). The
RNA quality was assessed by NanoDrop 2000 (Thermo Fisher
Scientific). The PrimeScript RT reagent kit (Takara) was used to obtain the cDNA with 1 μg RNA. Then we undertook RT-PCR by using SYBR Premix ExTaq (Takara) in the Agilent Mx3005P system. Sequences of primers were showed in Table S2 . Each experiment was repeated 3 times separately. Glyceraldehyde-3-phosphate dehydrogenase was used as control. Each target gene in our study was quantified with the 2 −ΔΔCt method and was normalized to the level of GAPDH.
| Immunohistochemistry
All resected slides were examined by 2 senior pathologists independently. Interleukin-33 expression was scored by the proportion of positive stained cells and staining intensity. Staining intensity was grouped as: 0, negative; 1, yellowish; 2, light brown; and 3, dark brown. The scoring of immunoreactive tumor cells was set as follows: 0, <5%; 1, 5%-25%; 2, 25%-50%; 3, 50%-75%; and 4, more than 75%. Immunoreactivity score was collected for each tissue by multiplying the intensity score with percentage.
| Western blot analysis
Tissue samples and ESCC cells were lysed in ice-cold RIPA buffer.
Protein levels were assessed by BCA protein assay kit (Beyotime).
The 12% SDS-PAGE was used to separate equal amounts of protein before transferring protein to PVDF membranes. Then 5% nonfat dried milk was used in TBS-T, then the membranes were incubated with specific primary Abs at 4°C. After washed in TBS-T, membranes were incubated with secondary Abs. All the target bands were assessed by an enhanced chemiluminescence kit (Zhongshanjinqiao).
| Cell proliferation
Proliferative ability of ESCC was assessed by using the CCK-8 assay kit (Beyotime). Absorbance was measured at 450 nm at indicated time points by using a microplate reader.
| Wound healing assays
Each well of the 6-well plates was seeded with 2 × 10 5 cells, then the serum-free medium was added until a confluent monolayer formed.
A 200-μL sterile pipette tip was used to scratch the confluent monolayers. Wound closure was examined by collecting digitized images at 0 and 24 hours.
| Transwell migration and invasion assays
Generally, Transwell migration and invasion assays were carried out with 24-well inserted plates (5 μm; Corning) according to the manufacturer's instructions. Cell suspension (2 × 10 5 cells/well) was added to the upper chamber, and 600 μL RMPI-1640 containing no FBS was added to the lower chambers. After 24 hours, cells that attached to the lower surface were stained with 0.1% crystal violet for 15 minutes.
| Isolation of Tregs
CD4 + CD25 + Tregs were isolated from PBMC of healthy donors using a MoFlo XDP cytometer (Beckman Coulter). Cell sorting was carried out according to instructions. Positive sorting rate of cells after purification was confirmed over 90% by flow cytometry.
| Cytometric bead array
Tumor cells were cultured for 72 hours and cell-free supernatants were collected. Cytokine capture beads were added to the samples, and phycoerythrin detection reagent was added afterwards. Supernatants were incubated for 3 hours in the dark. Subsequently, bead pellets were collected and analyzed by using Cell Quest and CBC software.
| Enzyme-linked immunosorbent assay
According to the instructions, the level of CCL2 and IL-33 were assessed by the ELISA kit purchased from BioLegend.
| Animal model
A total of 10 female BALB/c nude mice (Vital River Laboratory Animal Technology) at age of 6 weeks were randomized into 2 groups (5 mice/group) and injected with tumor cells (1 × 10 6 cells in 100 μL PBS). We evaluated tumor length and width every 2 days. The tumor volume was calculated by the following formula: (length × width 2 )/2.
In the Treg transplant animal experiment, 10 female NOD SCID mice were randomly divided into 2 groups. Both groups received an s.c. injection of 1 × 10 6 tumor cells. Tumor growth was assessed as above. Regulatory T cells (5 × 10 6 ) were transplanted through the tail vein 3 days before the mice were killed, then tumor tissues were collected. The proportion of infiltrated Tregs (CD4 + CD25 + FOXP3 + ) was analyzed by flow cytometry. All animal studies were approved by the Institutional Animal Care and Use committee of the First Affiliated Hospital of Zhengzhou University.
| Statistical analysis
Student's t test or the χ 2 test was used to compare data from different groups. We used the paired t test to analyze matched samples.
Overall survival curves were plotted by the Kaplan-Meier method.
Analyses were undertaken using GraphPad Prism 7 software (GraphPad Software). P < .05 was considered as statistically significant difference in our study.
| RE SULTS
| Levels of IL-33 increased in ESCC tissues
First, the IL-33 mRNA expression level was examined among 87 ESCC and matched normal tissues. The results indicated that the mRNA level of IL-33 was significantly increased in ESCC tissues compared with normal tissues (P = .0006) ( Figure 1A ). The mRNA level of IL-33 had a significant correlation with tumor stage ( Figure 1B it was higher in poorly differentiated patients than in well differentiated groups ( Figure 1C ).
The correlation of clinicopathological characteristics between IL-33 level and patients are evaluated and described in Table S1 .
Among the 87 ESCC patients, 65 (74.7%) had higher expression of IL-33 and 22 (25.3%) had a lower level. Moreover, IL-33 level was significantly associated with invasive depth, differentiation degrees, TNM stage, and survival rates.
To confirm whether IL-33 expression was related with poor prognosis in ESCC, survival analysis was carried out. According to the IL-33 scores, 87 ESCC patients were divided into low or high expression groups ( Figure 1D ). Then IL-33 protein expression was examined by IHC. We found that the percentage and intensity of IL-33 in ESCC were obviously higher than in control groups ( Figure 1E ).
Immunohistochemistry was used to represent the scoring method ( Figure 1F ,G). In the IL-33-high group, overall survival was lower than in the IL-33-low group ( Figure 1G ). Our results indicated that IL-33 expression is closely correlated with tumor invasive depth, differentiation degree, TNM stage, and poor survival in ESCC patients. Eca-109 cells ( Figure 2H ). In addition, we found that the migration and invasion capacities of scrambled cells were remarkably greater than shIL-33 cells ( Figure 2I ) in the Transwell analysis. The absorbance at 450 nm was not significantly elevated in the IL-33 knockdown or overexpression groups compared to the control at 24, 48, or 72 hours ( Figure S1A,B ). In the proliferation assay, the number of cell clones formed in OE-IL33 cells was similar ( Figure S1C ). Colony formation also showed that IL-33 overexpression or knockdown did not affect cell proliferation ( Figure S1C ). The RT-PCR, western blot analysis, and ELISA were carried out to detect the efficiency of IL-33 knockdown ( Figure S2A-C) . After the knockdown of IL-33, cell invasion ability was significantly reduced ( Figure S2D ). These results showed that IL-33 played a vital role in cell migration and invasion, indicating that IL-33 could be a potential target for antitumor therapy for ESCC.
| Interleukin-33 affects cell migration in vitro
| Interleukin-33 regulates CCL2 expression through NF-κB signaling in ESCC
It was reported that various chemokines exert different effects on tumor growth, invasion, and metastasis. To understand how IL-33 affects tumor progression, we investigated chemokine expression in the supernatants of tumor cells with either IL-33 knockdown or overexpression by cytometric bead array. Results showed that IL-33 overexpression significantly upregulated CCL2 ( Figure 3A ). Change of CCL2 expression was detected in ESCC cells using RT-PCR and ELISA assays; we found that CCL2 expression was elevated with overexpression of IL-33 ( Figure 3B Figure 3G ). Furthermore, when we knocked down the IL-33 receptor ST2 and added exogenous recombinant IL-33 in Eca-109 cells, the CCL2 level did not change significantly ( Figure 3G ), indicating that IL-33 might affect CCL2 expression by regulating IL-33 receptor ST2. The NF-κB signaling pathway is known to regulate initiation of tumorigenesis and tumor growth. 20 To explore the underlying mechanism of IL-33 on CCL2, the expression of CCL2 and NF-κB was examined. Results revealed that the active form of NF-κB (phosphorylated NF-κB) and CCL2 were markedly decreased by knockdown of IL-33 together with addition of NF-κB inhibitor compared to the control group ( Figure 3H ). The same result was also achieved in the OE IL-33 group ( Figure S3 ). However, after knockdown of receptor ST2, the expression of CCL2 and NF-κB was upregulated ( Figure 3H ). Additionally, both the expression of CCL2 and phosphorylated NF-κB were decreased by knockdown of receptor ST2 and addition of IL-33 ( Figure 3H ), indicating that IL-33 might regulate NF-κB signaling by binding to its receptor ST2 to affect the function of CCL2. Statistical analyses of the protein expression levels are shown in Figure S4A showed that IL-33 is significantly associated with CCL2 ( Figure 3I ). Therefore, we hypothesized that CCL2 could be a downstream target of IL-33 in ESCC.
| Interleukin-33 regulates expression of CCL2 through TGF-β
CCL2 has been shown to recruit Tregs. 21 We used the Transwell assay to examine the chemotactic effect of IL-33 and CCL2 on Tregs. Our results showed the proportion of CD4 + cells was higher in the OE-IL-33 group than in the control ( Figure 4A ). Regulatory T cells are involved in maintaining immune homeostasis and preventing autoimmunity, which can suppress immune responses through various mechanisms. The transcription factor Foxp3 is a major lineage regulator of Treg development and inhibitory activity. 21 Interleukin-33 was positively associated with Foxp3 at the mRNA level in 48 ESCC patients ( Figure 4B ). Addition of recombinant protein CCL2 could also exert a chemotactic effect on Tregs ( Figure 4C ). The migrated index was higher than the non-CCL2 group. These results indicated that CCL2 might have a chemotactic effect on Treg cells.
It was reported that TGF-β can regulate CCL2 expression in cancer progression. 22 Addition of TGF-β recombinant protein could significantly increase the IL-33 level when compared with control ( Figure 4D ). No significant difference was observed in terms of IL-10, IL-1β, IL-6, or IL-17. After adding TGF-β to KYSE-450 cells, IL-33 and CCL2 mRNA was largely upregulated (Figure 4E ,F).
Then we investigated whether IL-33 knockdown or overexpression could affect the CCL2 level with or without TGF-β. Results showed that protein levels of CCL2 decreased significantly after knocking down IL-33 or with addition of TGF-β ( Figure 4G ). By adding exogenous TGF-β and overexpressing IL-33, CCL2 levels were upregulated ( Figure 4G ). Statistical analyses of the protein expression levels are shown in Figure S4B . It indicated that IL-33 could regulate the expression of CCL2 though TGF-β in the ESCC cells.
| In vivo analysis of IL-33 effects on tumor formation
To further investigate the impact of downregulating IL-33 on tumor growth in vivo, we injected shIL-33 cells or control cancer cells into nude mice. As shown in Figure 5A , control cells formed s.c. tumors earlier than the shIL-33 group. In the IL-33-overexpressing group, we observed that s.c. tumors appeared earlier and were larger ( Figure 5B ). Tumor tissues from shIL-33 cell-injected mice had lower IL-33 mRNA expression levels ( Figure 5C ). These findings suggested that knockdown of IL-33 could reduce tumor burden and inhibit formation of tumors in vivo. The mRNA level of CCL2 was also decreased by knockdown of IL-33 ( Figure 5D ). Furthermore, we injected IL-33-overexpressing KYSE-450 cells into mice. As shown in Figure 5E ,F, both IL-33 and CCL2 mRNA levels were substantially increased. Epithelial-mesenchymal transition plays crucial roles in the process of cancer metastasis, 23 yet it remains unclear whether IL-33 can promote EMT in ESCC. We analyzed EMT-related genes from tumor tissues of nude mice and found that expression of N-CAD, slug, VIM, and ZEB2 in shIL-33 group was lower in the control group ( Figure 5G ).
| Chemotaxis of CCL2 cells on Tregs in vivo
The IL-33 and CCL2 mRNA levels in 35 ESCC patients were further analyzed. At the same time, the proportion of Tregs was analyzed. We found that IL-33 was positively associated with Tregs.
To further investigate the chemotaxis of CCL2 on Tregs, Transwell assay was carried out and it was found that CCL2 had a chemotaxis effect on Treg cells. We injected control cells and shIL-33
Eca-109 cells into nude mice and transferred Tregs at day 20. The mice were killed at day 23. Flow cytometry analysis showed that the Treg proportion was lower (0.3%) in the shIL-33 group compared with the control group (3.5%) ( Figure 6A,B) . In our xenograft mice model, similar chemotaxis effect was observed by IHC and RT-PCR ( Figure 6C,D) . Our IHC results showed the expression of Foxp3 and CCL2 was downregulated by knockdown of IL-33 ( Figure 6C ). We observed that, when IL-33 was knocked down, the mRNA expression levels of Foxp3 and CCL2 were also decreased ( Figure 6D ), which indicated a positive correlation between Foxp3 and CCL2 in ESCC. We drew a schema showing the potential molecular mechanisms ( Figure 6E ).
| D ISCUSS I ON
Esophageal squamous cell carcinoma is a fatal disease that remains difficult to diagnose and treat effectively, resulting in high rates of tumor metastasis, recurrence, and chemotolerance. 15 Hence, it is urgent to get a deeper understanding. In our study, we examined the expression of IL-33 of ESCC patients and observed a higher level of IL-33 in tumor tissues and was closely related with worse clinical F I G U R E 2 A, RT-PCR analysis of interleukin (IL)-33 expression in HET-1A, Eca-109, KYSE-450, KYSE-70, EC9706, EC9706 clone EC1, TE-1, and TE-7 cell lines. B, Western blot analysis for IL-33 expression in esophageal squamous cell carcinoma (ESCC) cell lines. C,D, RT-PCR and western blot analysis for IL-33 overexpression (OE) in KYSE-450 cells. E, Migratory and invasive capabilities of KYSE-450 cells were evaluated using migration and invasion assays. F, ELISA analysis for IL-33 overexpression in KYSE-450 cells. G, Scratch healing was photographed under a microscope after 0 and 24 h. H, RT-PCR and western blot analysis to detect the efficiency of IL-33 knockdown in Eca-109 cells. I, Transwell assay for ESCC cells with knockdown of IL-33. Relative fold changes from triplicate experiments are plotted. NC, control outcomes. Interleukin-33 is positively associated with CCL2, and it could promote the expression of CCL2 through the NF-κB pathway.
Furthermore, we proved that IL-33 could promote tumor development by regulating the expression of CCL2 as well as promoting metastasis by regulating EMT. These findings showed that IL-33 might serve as a therapy target to suppress ESCC aggression and metastasis.
It was reported that IL-33 could be secreted by necrotic epithelial cells, 24, 25 and then bind to its cognate ST2 receptor, thus activating mitogen-related protein kinase and NF-κB. 7, 26 Results from previous F I G U R E 3 A, Interleukin (IL)-33 regulates the expression of CCL2 in esophageal squamous cell carcinoma (ESCC) cells. A, Cytometric bead array (CBA) for changes of cytokines in KYSE-450 cells overexpressing IL-33 (OE-IL-33) and the control group (NC). B,C, RT-PCR and ELISA to detect the change of CCL2 level. D, CBA for changes of cytokines in IL-33 knockdown and control groups. E,F, RT-PCR and ELISA to detect the change of CCL2 level with knockdown of IL-33 in Eca-109 cells. G, RT-PCR and ELISA to detect the expression of CCL2 level with addition of IL-33 and knockdown of IL-33 receptor ST2. H, Western blotting revealed the protein level of active form of nuclear factor (NF)-κB and CCL2 with knockdown of IL-33 or its receptor. I, Association between CCL2 and IL-33 gene levels in ESCC patients. Data are presented as mean ± SD studies indicated that IL-33 has a proinflammatory function and is considered as a "danger" signal. 24, 27 Malik et al and Milovanovic et al 9, 17 suggested that IL-33 could be released into the tumor microenvironment to modulate tumor development, which indicates an inconsistent role in cancer development. It was reported that IL-33 appeared at higher levels in colorectal cancer tissues. [28] [29] [30] Here, we reported that IL-33 was upregulated in ESCC tissue sections, suggesting that IL-33 overexpression might be correlated with ESCC progress. Our results were confirmed by a recent study in murine squamous cell carcinoma cells, 19 indicating that IL-33 has a significant function in ESCC progression. In addition, functional analysis observed that IL-33 was significantly related with invasive depth, degree of differentiation, and TNM stage and a poorer survival rate. Consistently, similar results have already been reported in colorectal cancer. 30 Reportedly, CCL2 has the ability to promote invasion and migration in prostatic carcinoma and ovarian carcinoma. 33, 34 Interleukin-33 knockdown strongly downregulated CCL2, which could partly explain why IL-33 knockdown impacted the reduced invasive capacity of ESCC cells. We found the expression of CCL2 was increased when exogenous IL-33 recombinant protein was applied in ESCC cells. Gene expression of CCL2 in 76 patients was also measured as it was significantly associated with CCL2, which might be its downstream target. Furthermore, we knocked down ST2, an IL-33 receptor, and the ability of IL-33 to downregulate CCL2 was decreased. These results suggest that IL-33 might promote the expression of CCL2 by binding to its receptor ST2. receptor, which triggers numerous signaling downstream, including NF-κB, that might lead to inflammation. 26 Activated NF-κB enhances the expression of various proteins that could promote metastasis. 24, 25, 28 In our results, after knockdown of IL-33, the level of CCL2 was decreased when the NF-κB pathway was inhibited. Furthermore, after knockdown of IL-33 receptor ST2 together with applying recombinant protein IL-33, we observed that IL-33 could trigger the NF-κB pathway and promote the expression of CCL2. We proved that IL-33 could regulate CCL2 through the NF-κB pathway by binding to its corresponding receptor. Zhang et al 34 observed that CCL2 could increase tumor cell invasion and migration in prostate cancer. Furukawa et al reported similar results in ovarian cancer. 35 In breast tumors, CCL2 expression was also associated with advanced disease status, tumor progression, and angiogenesis. 22 Chang et al 21 found that CCL2 produced by the glioma microenvironment was essential for the recruitment of T cells. In our experiment, we also found that the level of IL-33 was associated with CCL2 in ESCC and might regulate the immunosuppression effect of CCL2 by recruiting Treg cells.
Epithelial-mesenchymal transition plays crucial roles in the process of cancer development, which confers an aggressive phenotype to tumor cells. 23 Most molecules were confirmed to participate in the process of EMT, including the downregulated intracellular adhesion molecule E-cadherin and several increased markers from mesenchymal cells, such as fibronectin, vimentin, and N-cadherin at the molecular level. 36 Xu et al 37 observed that IL-33 could induce EMT, and promoted the pathogenesis of EMT of human kidney cells through p38 MAPK signaling. We assumed that IL-33 might promote EMT and we found decreased EMT-related gene expression including N-CAD, ZEB2, VIM, and slug. In advanced stages, TGF-β could induce EMT in cervical carcinoma cells. 38 It was reported that TGF-β could exert function as a potent pleiotropic cytokine by regulating cell and tissue development, differentiation, and homeostasis in mammals. Transforming growth factor-β has a multitude of physiological functions, including promoting cancer progression and tumorigenesis. 14, 39 In our study, IL-33 depletion has a significant effect on CCL2 with addition of TGF-β, which indicated that IL-33 contributes to tumor immune escape by recruiting Treg cells with the presence of TGF-β, thus promoting the occurrence and development of tumor.
In summary, our study shows that IL-33 could promote tumor progress by upregulating CCL2 expression and recruiting Tregs through the NF-κB pathway, and IL-33 could promote ESCC metastasis in part by regulating EMT. 
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